The walls of conduit arteries undergo cyclic stretching from the periodic fluctuation of arterial pressure. Atherosclerotic lesions have been shown to localize to regions of excessive stretching of the arterial wall. We employed a displacement encoding with stimulated echoes (DENSE) sequence to image the motion of the common carotid artery wall and map the two-dimensional (2D) circumferential strain. The sequence utilizes a fully-balanced steady-state free-precession (SSFP) readout with 0.60 mm in-plane resolution. Preliminary results in volunteers at 1.5T (N = 4) and 3.0T (N = 17) are compared to measurements of the lumen circumference from cine images. The agreement between the two independent measurements at both field strengths (P ≤ 0.001) supports the use of DENSE as a means to map the pulsatile strain in the carotid artery wall.
Stroke is the leading cause of serious, long-term disability in the United States, with over 700,000 cases each year. Furthermore, nearly 40% of these "brain attacks" result in death, making it the third leading cause of death (1) . The most common cause of stroke is the formation of atherosclerotic plaques; these can grow large enough to block the flow of blood through the vessel (stenosis) or can rupture, causing blood clots (thrombosis) to form in the arteries that supply blood and oxygen to the brain (2) .
Changes of arterial wall strain pattern may be associated with this process in several ways. First, the arterial wall may harden or stiffen due to atherosclerotic plaque formation (3) . The hardening of the wall leads to a reduction of the pressure-driven cyclic stretching, or strain, which lends itself to characterization by displacement-based strain mapping; Excessive stretching at branching and curved locations of the arterial tree may also be a relevant mechanical factor in the development of atherosclerosis (4) . This is empirically supported by surgical evidence that the distribution of atherosclerotic plaques predominates at bifurcation points, such as the carotid arteries (5) . Once the plaques are formed, 70% of them tend to rupture (6) . The rupture event may also be related to mechanical weakening and excessive strain in the plaque under arterial pressure loading. Evidence to support this connection has been shown with intravenous ultrasound (IVUS) in excised atherosclerotic coronary segments under pulsatile pressure loading (7) . The IVUS measurements show increased strain that extends indepth beneath the thin cap of the plaques that rupture. In vivo IVUS studies of the culprit segment in patients with acute coronary syndrome also showed a clear separation of low vs. high strain in patients with stable symptoms vs. those with unstable chest pain or postmyocardial infarction (8) . For these reasons, noninvasive imaging of the arterial wall strain pattern may provide additional information on the risk of atherosclerosis and the classification of plaques.
Further evidence that strain in the carotid wall may be relevant to atherogenesis comes from finite element analysis generated from IVUS (9-11) and MRI (12, 13) images. The results of these studies show that high strain can be found at regions of the carotid bifurcation that correlate with sites of early atherosclerotic inflammation (13) . Focal regions of high strain in the fibrous cap not only correlate with plaque rupture locations but are also predictive of where the rupture will occur (11, 12) . While these studies are illuminating and informative, they remain computational models in need of corroboration from direct measurements of strain.
The only means for mapping strain in the arterial wall that we are aware of is intravascular ultrasound, an invasive technique. We adapted a displacement encoding with stimulated echoes (DENSE) (14-16) pulse sequence to measure the two-dimensional (2D) displacement vectors of the carotid artery wall and the surrounding tissue and calculated circumferential strain distribution. DENSE has primarily been used to track motion of the myocardial wall and, more recently, brain tissue (17) , producing color-coded strain maps that represent active contraction or passive deformation. The purpose of this study is to test the ability of DENSE to map the carotid wall strain distribution (18) and to validate the results in normal volunteers at 1.5T and 3.0T against measurements of lumen circumference from cine scans.
MATERIALS AND METHODS
The DENSE sequence with balanced steady-state free-precession (SSFP), or true fast imaging with steady precession (trueFISP) readout is illustrated in Fig. 1 . The DENSE method takes advantage of the stimulated echo that maintains phase information in the longitudinal direction, which does not decay as quickly as in the transverse plane. The encoding and decoding gradient pulses are separated by the mixing time Tm, so that spin displacement during this time causes a phase shift in the acquired image that is proportional to the net displacement in the direction of the gradient. A detailed explanation of this idea is given in the literature (16, 19) . One benefit of using stimulated echoes at long Tm periods is that it provides inherent black-blood contrast in the images. This is due to rapid motion of blood during the displacement encoding period that results in severe intravoxel dephasing and signal loss, thus providing inherent contrast between the vessel wall and blood flow. In the application of DENSE to the carotid artery we needed to achieve sufficient signal level at a relatively high spatial resolution in the carotid wall, and we opted for the balanced SSFP readout (20) (21) (22) .
Referring to Fig. 1 , the displacement-encoding section is followed by a train of trueFISP readout segments, each acquiring a k-space line. The flip angles of the train are ramped to equalize the signal amplitudes (20, 22) . It is important to note that trueFISP sequences are more dependent on B 0 uniformity. Additional shimming is necessary, especially at 3.0T, at which B 0 susceptibility is more pronounced, as described below. Signal averaging in the form of phase cycling was used to improve the signal-to-noise ratio (SNR) and remove the unwanted FID and stimulated antiecho signals (23) (24) (25) .
Normal volunteer scans were performed at 1.5T (N = 4, all male, age range: 29-37 years) using a four-channel carotid coil pair (MachNet, The Netherlands), and at 3T (N = 17, seven males. 10 females, age range: 18 -66 years) using a surface coil (NOVA, Boston, MA, USA). Scans were conducted under Institutional Review Board (IRB)-approved volunteer protocols (National Heart, Lung, and Blood Institute [NHLBI] MRI Technical Development Protocol for 1.5T and California Institute of Technology [Caltech] SF-88 for 3T) and informed consent was obtained. The same scan parameters were used at both field strengths. Initial three-plane scout images were acquired to localize the left and/or right carotid artery and optimize coil location. 2D time-of-flight (TOF) images were acquired and maximum image projections (MIPs) were used for slice positioning. Three slices were positioned at the common carotid artery such that the superior slice was placed 10 mm below the bifurcation point. An ECGgated cine scan was acquired at the same location and resolution as DENSE images to determine the time points of maximum and minimum lumen diameter. DENSE images were acquired using a matrix size = 256 × 192 to provide a resolution = 0.60 × 0.60 × 4 mm. A bandwidth = 585 Hz per pixel was used with a trueFISP readout = 32 k-space lines per heartbeat, and TR/ TE = 4.8/2.4 ms. Signal averaging or phase cycling = 10 was used. Displacement encoding was acquired in three oblique directions ([0, 1, 1], [0, −1, 1], [1, 0, 1]) to produced a pixel-bypixel 2D displacement map. In DENSE measurements, the number of phase maps with independent displacement encoding directions is one more than the desired displacement components, so that one phase map serves as a reference map that is subtracted from the other two encoding maps to remove phase errors associated with B 0 field homogeneity and other sources of phase variation (14, 24) . The encoding gradient area was 0.60 π/mm in-plane. The scans were triggered by the R-wave of the ECG, and image acquisition was consistently placed at the time of maximum lumen diameter judging from the cine scans, while in two separate scans the encoding portion was placed at 40 ms and 80 ms after the R-wave to capture the maximum wall strain and intermediate strain (Fig. 2) . At 1.5T, three slices were acquired from both the left and right carotid arteries at maximum strain and at intermediate strain, which resulted in a total of 51 DENSE strain measurements in the four volunteers. At 3.0T, the single surface coil had a limited FOV and only allowed a single side of the neck to be scanned, resulting in a single slice acquired separately at maximum and intermediate strain for a total of 34 strain data points in the 17 volunteers. The total scan time for a slice was 6 min. Total protocol scan time was less than 45 min. Vacuum fixation cushions (VacFix; PAR Scientific, Denmark) were utilized to minimize movement effects due to swallowing.
While the 1.5T scans were relatively routine, imaging at 3.0T introduced technical issues, such as the lack of U.S. Food and Drug Administration (FDA)-approved dual surface coils, increased sensitivity to off-resonance effects from the trueFISP readout, and increased artifacts in the ECG signal. These obstructions were surmounted by optimizing coil placement, manually setting the shim volume, and centralizing the lead placement, respectively. Manual shim volume setting was completed by using localized shim volumes surrounding the scanned region and applying automated shimming, which was often repeated twice to achieve optimal shim.
For postprocessing, DENSE-MRI strain measurements were calculated taking all quadrilateral elements of neighboring pixels. The circumferential strain (E cc ) is a projection of 1 the Lagrangian strain tensor (26) :
, where E is the tissue deformation matrix from the in-plane displacement (D x , D y ) of each quadrilateral element: [1] The elements of the matrix are calculated from linear regression of the displacement vectors relative to the coordinates of the pixels in the image. The circumferential strain is the projection of the strain tensor onto the circumferential direction e c : [2] The e c direction is based on a manually drawn contour of the vessel wall. Once the E cc strain map is obtained, the mean E cc strain value around the lumen, or <E cc >, is calculated as the average of the pixel values over the contour, as shown in Fig. 3 . The variance of the strain value around the lumen was also obtained. These measurements are semiautomated using software (DENSE-view) written for DENSE strain measurements.
For comparison with an independent measurement, we note that the mean circumferential strain around the lumen of the artery is effectively the fractional change of its circumference, which can be measured in cine MR images using the circumference of the lumen at the initial and end time points of the DENSE mixing time. In the cine images, the lumen boundary was drawn manually for the frames corresponding to the initial and end time points. The irregular shape of the cross-section at the bifurcation would make the lumen circumference unreliable; therefore, slices in the common carotid artery were used for cine measurements. The fractional change of the circumference was then used to provide the mean E cc ′ measurement by cine: [3] To compare the mean E cc from the DENSE <E cc > and CINE <E cc ′> measurements, we performed correlation and Bland-Altman analysis at both field strengths between the two techniques. The correlation and Bland-Altman included all data using both peak strain (40 ms after the R-wave) and intermediary strain (80 ms after the R-wave) measured by DENSE, with corresponding strain measured from cine. Additionally, we also measured the SNR of the DENSE data in the carotid wall for 1.5T and 3T separately. Figure 4 shows the slice location and region of strain analysis around the carotid arteries using the DENSE technique. At 1.5T the average SNR ratio of the DENSE images among the volunteers was 2.6 in the segment of the wall bordering the jugular vein, 4.6 in the opposite segment, and 3.4 over the whole circumference. Correspondingly, the pixelwise displacement noise was between 44 and 78 μm, and the pixelwise E cc strain noise was between 0.10 and 0.18, with an average of 0.14. At 3.0T, the average SNR ranged from 1.9 in the segment farthest from the surface coil to 14.9 in the most superficial segment, and 6.3 over the circumference. The corresponding pixelwise strain noise is between 0.032 and 0.25, with an average of 0.076. The variation of SNR matches the sensitivity profile of the single surface coil used for 3T imaging.
RESULTS
The average E cc strain around the carotid circumference between diastole and systole represents the total distension of the circumference. In the 1.5T group this was 0.076 ± 0.006 (mean ± SD) by DENSE (<E cc >) and 0.079 ± 0.007 by cine (<E cc ′>). In the 3T group <E cc > was 0.072 ± 0.039 and <E cc ′> was 0.071 ± 0.031. The two groups consisted of different volunteers, and as a result have different ranges of E cc strain. However, they were not statistically different from each other (P = 0.77). The average <E cc > of both groups combined is 0.072 ± 0.026 by DENSE.
The correlation between DENSE <E cc > and CINE <E cc ′> measurements show good agreement (Fig. 5) . The mean and 95% confidence level of the correlation coefficient are 1.051 and 0.78-1.29 at 1.5T (R 2 = 0.58), and 1.040 and 0.88-1.20 at 3T (R 2 = 0.84), respectively. Paired t-tests between cine and DENSE values show no statistical difference between the two at both 1.5T and 3T (P = 0.45 and 0.50, respectively).
The Bland-Altman analysis (Fig. 6) indicates that the variance of the difference between DENSE <E cc > and CINE <E cc ′> is 0.035 at 1.5T and 0.025 at 3T. The mean of the difference between these two methods is 0.002 at 1.5T and − 0.001 at 3T. The latter represents systematic biases of DENSE relative to cine, and are not statistically significant at either field strength (P = 0.45 and 0.50, respectively).
It is important to note that DENSE provides E cc on a pixelwise basis, a regional measure of strain that is different from the global mean <E cc ′> made from cine measurements. Since an equivalent noninvasive measurement of regional strain currently does not exist, it is informative to investigate the spatial variation of the strains measured. Figure 7 plots the variance of strain around the lumen circumference vs. the mean strain level. The results show that variance increases linearly with the mean strain. This indicates that there exists a spatial heterogeneity of strain that scales with the mean strain and contributes to the measured variance, in addition to any random noise that is independent from the mean strain. In the 1.5T group, the amplitude of the spatial variance is 50% of mean strain, whereas in the 3.0T group it is 35% of the mean strain. This difference, which may be due to the different age ranges of the two groups, warrants further study.
DISCUSSION
The results of the correlation analysis demonstrate that there is good agreement between DENSE strain and cine lumen size measurements at both 1.5T and 3.0T. The Bland-Altman plots show that the variability of DENSE values relative to cine is lower at 3.0T than at 1.5T. The increased SNR at 3.0T is the likely reason for the lower variability.
Previous studies have shown that direct lumen measurements from cine MRI show excellent agreement with lumen wall distention measurements using ultrasound (27, 28) . Crowe et al (27) measured the area distension of the common carotid lumen between diastole and systole in a group of volunteers using cine MRI and found it to be 15.1% ± 5.1%. This translates to a circumferential distension of 0.072 ± 0.021, which is in good agreement with our result of 0.072 ± 0.026. Using similar calculations from lumen area and/or diameter, other studies show a range of circumferential distension in normal subjects using MRI (0.103 in Ref. 28 Theoretically, there is an expected 2× signal gain when moving from 1.5T to 3.0T. However, the SNR comparisons at both fields show that while there is SNR gain in the segment closest to the surface coil, there is also signal loss in the distal segment due to the sensitivity profile of the single surface coil used at 3.0T. We also observed that the signal dropoff was greatly influenced by the wide range of the subjects's neck geometries. The surface coil was the only commercially available coil approved for 3.0T use at the time of our study. Future array coils for neck imaging at 3T should rectify these shortcomings. Currently, the resolution of the images is 0.6 mm in-plane at 4-mm slice thickness. To improve the spatial resolution will require a tradeoff of SNR or scan time. The SNR increase at 3T compared to 1.5T implies that this limitation should be eased by the use of array coils at 3T. This will allow for higher resolution images for future studies in patients with known atherosclerosis.
It should be noted that DENSE strain measurements are localized, such that regional strain differences can be measured as opposed to cine or ultrasound lumen measurements, which provide global strain and by inference the average stiffness. While the average carotid arterial wall stiffness has been implicated in a broad range of neurological and cardiovascular diseases, including stroke (31), hypertension (32) , myocardial infarction (3), inflammatory disease (33), and cognitive impairment (34), regional measurement may improve the specificity and sensitivity of this test, similar to what has been shown in strain mapping with IVUS (8).
This preliminary study provides the groundwork for future studies, which will compare regional strain values to a reference standard. Current IVUS strain mapping only provides radial strain but not circumferential distension, and cannot yet be compared with the DENSE technique. Similarly, a recent study using transcutaneous ultrasound (35) could measure circumferential strain only in some segments and was not quantified for in vivo studies, making it difficult to provide a direct comparison to DENSE. The rapid development of IVUS, ultrasound, and optical tomography imaging may soon provide an independent imaging technique as a reference standard.
FIG. 1.
Illustration of the DENSE with balanced-SSFP readout pulse sequence. The gradient pulse k encodes spin displacement into a phase shift of the image. TR is the repetition time of the readout, and Tm is the mixing time allowing spin displacement to occur.
FIG. 2.
DENSE pulse sequence timing shown with lumen diameter changes from systole to diastole. The scans were triggered by the R-wave of the ECG, and image acquisition was consistently placed at the time of maximum lumen diameter judging from the cine scans, while in two separate scans the encoding portion was placed at 40 ms and 80 ms (dotted) after the R-wave to capture the maximum wall strain and intermediate strain. The readout remains the same in both scans.
FIG. 3.
DENSE strain measurements. Left: Displacement map generated from the phase images acquired at 1.5T. Right: E cc strain map that is derived from the displacement vectors as described in Materials and Methods. Dotted line indicates the contour from which average strain is calculated.
FIG. 4.
DENSE MRI. a: Slice locations (dotted lines) and shim volume (rectangle) of the DENSE and CINE MRI are indicated on maximum intensity projection images of 2D TOF MRI. Arrow indicates the carotid bifurcation used as a landmark. b: Raw DENSE phase image acquired at 1.5T. The rectangular volume indicates the area that is postprocessed using the DENSEview software. c: Three slices of the DENSE MRI acquired at 1.5T starting at the top from the inferior portion of the common carotid to just below the bifurcation. d: Three slices of the DENSE MRI acquired at 3.0T in the same order.
FIG. 5.
Cine and DENSE correlation at (a) 1.5T and (b) 3.0T. The results of the least squares linear fit are shown for both field strengths.
FIG. 6.
Bland-Altman graphs at (a) 1.5T and (b) 3.0T. The Bland-Altman graphs compare difference between the DENSE and cine strain measurements plotted against the mean of the two measurements. Mean ± 2SD are indicated by the dotted lines to show the 95% confidence interval.
FIG. 7.
Spatial variance of strain at 1.5T and 3.0T. The DENSE strain variance around the lumen wall is correlated linearly with the mean DENSE strain measurements, indicating a real spatial heterogeneity in addition to random noise variation.
